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We analyzed gene expression in marine and freshwater bacterioplankton communities by the direct retrieval
and analysis of microbial transcripts. Environmental mRNA, obtained from total RNA by subtractive hybrid-
ization of rRNA, was reverse transcribed, amplified with random primers, and cloned. Approximately 400
clones were analyzed, of which ~80% were unambiguously mRNA derived. mRNAs appeared to be from diverse
taxonomic groups, including both Bacferia (mainly a- and y-Proteobacteria) and Archaea (mainly Euryarcha-
eota). Many transcripts could be linked to environmentally important processes such as sulfur oxidation
(soxA), assimilation of C1 compounds (fdh1B), and acquisition of nitrogen via polyamine degradation (aphA).
Environmental transcriptomics is a means of exploring functional gene expression within natural microbial
communities without bias toward known sequences, and provides a new approach for obtaining community-

specific variants of key functional genes.

The technology of environmental genomics is based on se-
quence analysis of fragments of environmental DNA and re-
trieves genes without any previous sequence information and
with relatively little apparent bias (1, 18, 21). An analogous
method for environmental mRNA (i.e., environmental tran-
scriptomics) could similarly retrieve the transcriptome of a
microbial assemblage without any prior information on what
genes the community might be expressing. The prospect for
using environmental transcriptomics to link genetic potential
with biogeochemical activity of microbes has been hindered,
however, by the difficulties of working with mRNAs. Prokary-
otic transcripts generally lack the poly(A) tails that make iso-
lation of most eukaryotic messages straightforward (12). Some
mRNAs degrade quickly, with half-lives as short as 30 s based
on studies of cultured bacteria (2). Finally, mRNA molecules
are much less abundant than rRNA molecules in total RNA
extracts, so the mRNA signal is often overwhelmed by back-
ground.

We have developed a protocol to analyze partial environ-
mental transcriptomes by collecting total RNA from the envi-
ronment, enriching for mRNA by subtractive hybridization of
rRNA, and using randomly primed reverse transcription (RT)
to produce a cDNA template population. The templates are
amplified by PCR and used to generate cDNA clone libraries.
Here we report results from the analysis of approximately 400
environmental gene transcripts retrieved directly from bacte-
rioplankton communities of Sapelo Island, GA, and Mono
Lake, CA.

Protocol for library generation. Water samples were col-
lected from the Sapelo Island Microbial Observatory (SIMO;
tidal salt marsh creek in the southeastern United States; http:
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//simo.marsci.uga.edu/) and the Mono Lake Microbial Obser-
vatory (MLMO; closed-basin, hypersaline soda lake near Lake
Tahoe, CA; http://www.monolake.uga.edu/). SIMO water sam-
ples (10 liters) were collected in October 2002 and August 2003
and screened immediately after collection to remove particles
of >3.0 wm, including most eukaryotic cells. Cells for RNA
extraction were collected on a 0.2-pm-pore-size polycarbonate
membrane filter. MLMO samples (8 liters) were collected in
May 2003 at depths of 5 m (surface) and 23 m (chemocline).
Because the dominant phytoplankter (Picocystis salinarum) is
of a size similar to the bacterioplankton, MLMO samples were
not screened. MLMO samples were stored on ice during trans-
port to the laboratory and then filtered onto a 0.2-pm-pore-
size membrane filter.

The process from sample collection to RNA extraction was
done as rapidly as possible to limit degradation of mRNA.
RNA was extracted using a RNAqueous-Midi kit (Ambion,
Austin, TX) with several modifications (see the supplemental
material for detailed protocol). For SIMO samples, the
elapsed time between water collection and RNA extraction
was less than 30 min. For MLMO samples, the elapsed time
was ~2 h. Subtractive hybridization was used to selectively
remove TRNA (MICROBExpress Bacterial mRNA enrichment
kit; Ambion). DNase-treated mRNA preparations were ampli-
fied by RT-PCR using two of six possible random primers (see
Table S1 in the supplemental material): 10-mer primers
OPA04, OPA13, and OPA17 from a commercial primer stock
(Operon Technologies, Inc., Alameda, CA), primer SD14 de-
signed to target the Shine-Dalgarno region of bacterial mR-
NAs (5), and primers SES3-1 and SESRT-3 designed with low
G+C content (MLMO only). Clone libraries of some PCR
products were screened to eliminate sequences derived from
contaminating rRNA using probes constructed by amplifying
rRNA genes from DNA harvested from the same sample (see
the supplemental material for detailed protocol). Sequences of
347 SIMO clones (40 from October 2002 and 307 from August
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2003) and 60 MLMO clones were analyzed using the BLASTX
and BLASTN tools (http://www.ncbi.nlm.nih.gov/BLASTY/).
Additionally, 282 of the August 2003 SIMO clones were auto-
matically annotated using the Annotation Engine service pro-
vided by The Institute for Genomic Research (Rockville, MD).

Environmental transcript libraries. We calculate that 2.4 X
10"? bacterial mRNAs were present in the 10-liter SIMO water
samples collected in August 2003, of which 80,000 were unique
(calculated assuming a late summer population of 1.7 X 10°
bacterial cells ml~* [http://gce-lter.marsci.uga.edu] each with
1,380 total mRNA molecules per cell [10] and 200 bacterial spe-
cies represented in the community [http://simo.marsci.uga.edu
/MainWeb/pages/database.htm/] each with 400 unique mRNAs
per cell [10]). Thus the 342 SIMO clones and 60 MLMO clones
analyzed here were a small fraction of the total transcript pool
in each environment. Yet while these small libraries do not
provide a quantitative inventory of bacterioplankton tran-
scripts, they offer a novel glimpse of microbial activity that is
unconstrained by existing sequence data and not restricted to
previously characterized processes. Further, the standard clon-
ing and sequencing methods used for these manually assem-
bled libraries can be readily adapted to high-throughput ap-
proaches, potentially allowing the sequencing of thousands of
amplicons from a single community.

Sublibraries were generated from a single sample using dif-
ferent primer combinations, with one primer chosen at random
for the RT step and that primer used in combination with a
second primer in the PCR step (see Table S2 in the supple-
mental material). When we compared transcript retrieval with
different permutations of the random primers, the SD14
primer appeared to outcompete the others. Often, both ends
of the amplicons were primed by SD14. No amplicons were
generated for MLMO samples without SD14 in either the RT
or PCR step, although several primer combinations without
SD14 were used with success in the SIMO samples (see Table
S2 in the supplemental material). The higher amplification
efficiency with the SD14 primer is not surprising, as primers
designed to bind to the Shine-Dalgarno region (the ribosomal
binding site) have been used in differential display analyses of
mRNA transcripts in both pure cultures and in soils (5). When
used as a PCR primer, it ostensibly biases amplification to the
5" end of mRNA transcripts for bacteria that possess a typical
Escherichia coli-like Shine-Dalgarno region (e.g., AGGAGG)
(10). When used as an RT primer, we expected to see the SD14
primer sequence only for polycistronic operons because it
would target the Shine-Dalgarno site at the beginning of the
gene downstream from the one that was reverse transcribed.
Because the SD14 primer sequence was often identified at
both the beginning and end of sequences following RT-PCR,
we concluded that SD14 does not necessarily target the Shine-
Dalgarno site exclusively when used under low-specificity PCR
conditions.

Although we still observed a few rRNA-generated cDNA
sequences after repeated subtractive hybridizations, analysis of
the clone libraries indicated that the protocol for removing
rRNA worked effectively, as typically fewer than 20% of the
clones were derived from 16S, 23S, and 28S rRNA combined
(see Table S2 in the supplemental material). Results from
colony hybridizations of the SIMO clone libraries indicated
that perhaps a higher percentage of clones were rRNA gener-
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ated, but this screening step reduced the number of rRNA
clones sequenced. Even though they were not screened by
hybridization, MLMO cDNA libraries contained few rRNA
genes, indicating that the subtractive hybridization alone
worked efficiently for these samples.

Apparent taxonomic representation. The putative taxo-
nomic origin of the transcripts was used to assess diversity in
relation to the known microbial composition of the two sys-
tems. Putative taxonomic origin was assigned based on the
taxon of the most similar sequence by BLAST analysis (see
Table S3 in the supplemental material). The accuracy of this
assignment is negatively affected by lateral gene transfer and
positively correlated with the taxonomic coverage of the data-
base for any given gene. Given these caveats, the SIMO librar-
ies appeared to be almost entirely bacterial derived, although
similarities to known genes were sometimes low (see Table S3
in the supplemental material). Using only those sequences with
E values of =e '%, gene expression at the SIMO site was
inferred for a-, B-, y-, 8-, and e-Proteobacteria, Bacteroidetes,
Chlorobi, Cyanobacteria, Firmicutes, Actinobacteria, Spiro-
chaetes, Planctomycetes, Euryarchaeota, and Crenarchaeota.
Apparent archaeal sequences represented a significant portion
of the August 2003 SIMO library (Fig. 1A). Almost all of the
putative archaeal transcripts were most similar to genes from
Sulfolobus tokodaii or Methanococcus voltae, but identification
may be skewed toward organisms for which a genome se-
quence is available.

A small-subunit rRNA database of SIMO bacterioplankton
that was generated during a different year, but for the same
season (summer) and the same size fraction (0.2 to 3.0 wm)
(http://simo.marsci.uga.edu/), provided a comparison with the
putative taxonomic assignment of the transcripts in the August
2003 mRNA library. The SIMO 16S rRNA libraries were dom-
inated by sequences from «- and vy-Proteobacteria (18 and
16%) (Fig. 1B). These two taxonomic groups were similarly
represented in the mRNA library (16 and 19%, respectively).
Cyanobacteria played a larger role in the 16S rRNA library
(Fig. 1B) than in the mRNA library while Chlorobi, €-Pro-
teobacteria, and Spirochaetes appeared to contribute to the
mRNA pool but were not well represented in the 16S rRNA
library. Overall, relatively similar distributions among apparent
taxonomic groups existed between the two libraries. The tran-
scripts in the August 2003 SIMO library were also compared to
the genome of Silicibacter pomeroyi, a marine o-Proteobacteria
isolated from coastal water near the SIMO site (http://www
.marsci.uga.edu/s_pomeroyi/) (6, 15). Using BLASTX, almost
10% of the clones in the SIMO transcript library matched
predicted proteins in the S. pomeroyi genome with identities
higher than other entries in GenBank, with E values between
e 7Y and e~? in most cases.

At MLMO, 33% of the 60 transcripts appeared to be eu-
karyotic in origin; not surprising given that the spring phyto-
plankton bloom was under way during sample collection and
eukaryotes were too small to be removed by size-selective
screening. Prokaryotic MLMO transcripts matched genes from
Firmicutes, Cyanobacteria, Bacteroidetes, Spirochaetes, Acti-
nobacteria, Planctomycetes, and a-, -, 8-, and €-Proteobacteria.
Putative taxonomic affiliations of MLMO transcripts were con-
sistent with a 16S rRNA gene library constructed in July 2000,
as evidenced by the presence of vy-Proteobacteria-like se-
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FIG. 1. Taxonomic assignment of SIMO mRNA (A) and bacterial 16S rRNA (B) sequences from the 0.2- to 3.0-pm-size fraction of SIMO
bacterioplankton. Archaea, viruses, and fungi were not captured by the 16S rRNA primers used in the rRNA library. No putative taxonomic
assignment could be made for 37% of the mRNA clones because they had highest similarity to genes from unclassified organisms. Twenty-three

percent of the mRNA clones did not match any database sequence well using a BLASTX E-value cutoff of e

19 and were not included in this figure.

Approximately 17% of the rRNA clones could not be readily assigned to a phylum using a cutoff value of 80% similarity to described organisms,
while 20% could be classified as Proteobacteria but not assigned a class within this phylum.

quences in surface and chemocline samples in both mRNA and
16S rRNA libraries, as well as a cyanobacterial-like mRNA
and 16S rRNA sequences in the chemocline (9). Although
there is uncertainty in the taxonomic assignment of mRNA
sequences as discussed above, environmental transcripts ap-
peared to be retrieved from a diversity of microorganisms at
both the SIMO and MLMO sites.

Transcript annotation. Most of the sequences obtained were
not full-length transcripts (~200 to 500 bp), although some
amplicons were large (>1,000 bp). In all cases, there was no
amplification in controls that lacked the RT step. The mRNA
sequences appeared to be transcribed from a range of house-
keeping genes, components of transport systems, and genes for
energy metabolism (Table 1). Like the taxonomic assignments,
the identities of transcripts were inferred from the closest
matches by BLASTX (see Table S3 in the supplemental ma-
terial). These assignments are only as good as the existing
database, and genes that are rare in genomes because they
code for unusual or specialized traits are particularly suscep-
tible to poor database coverage. For example, a MLMO tran-
script with a strong BLAST hit to an arsenite transporter

(arsA) from Arabidopsis thaliana (Table 1) predicts a function
expected in Mono Lake given the high concentration of arsen-
ite (200 wM) (14) but predicts an organism quite distant from
any lake plankton.

In all libraries, several instances of multiple mRNAs tran-
scribed from homologous genes were seen. Some of the re-
peated mRNAs, such as those having sequence similarity to
soxA (sulfur oxidation; eight sequences) and surE (stationary-
phase survival protein; four sequences) were found in different
sublibraries (i.e., libraries constructed from the same RNA
sample but using different primer pairs). In all but one case,
the homologous sequences were found in eight or fewer clones,
with the exception being transcripts putatively encoding acetyl-
polyamine amidohydrolase (aphA) that accounted for 35 of
307 clones in the August 2003 sample.

Annotation of the clones from the SIMO libraries revealed
that the majority (~80%) were found only once in the library.
In contrast, nearly half (42%) of the 60 MLMO sequences
were homologous to another sequence in the library. Four
clones from the SIMO August 2003 sample and three clones
from MLMO had no significant matches using an EXPECT

TABLE 1. Selected mRNA sequences with inferred functions of ecological or geochemical relevance in cDNA libraries constructed from
SIMO (top) and MLMO (bottom) samples®

%

Gene Putative function Closest match source Accession no. Identity?
soxA Inorganic sulfur oxidation Chlorobium tepidum NP_661911 51
fdhIB Formate dehydrogenase beta-subunit (C1 metabolism) Methanococcus voltae AAKS57554 58
trkA Potassium uptake Bacteroides thetaiotaomicron NP_813009 63
kefA Potassium efflux Pseudomonas syringae AAO58452 48
psbA2 Photosystem II protein Synechococcus sp. strain WH 8102 NP_897076 78
surE Stationary-phase survival protein Coxiella burnetii NP_820653 58
proV Proline/glycine betaine/DMSP* transport system Streptomyces coelicolor AAD29279 63
mexE Multidrug efflux membrane protein Pseudomonas syringae NP_792891 85
chi Chitinase Bacillus thuringiensis AAMS88400 27
arsA Arsenite-transporting ATPase Arabidopsis thaliana NP 563640 68

“ A complete list of all transcript annotations is provided in Table S3 in the supplemental material.

® Based on deduced amino acid sequences
¢ DMSP, dimethylsulfaniopropionate.
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TABLE 2. SIMO transcript identities and assigned role categories
(August 2003 sample) as determined by the
TIGR Annotation Engine

zZ
o

e

2.5

Main role and subrole(s)

Amino acid biosynthesis
Aspartate
Pyruvate
Biosynthesis of cofactors
Cell envelope
Cellular processes
Chemotaxis and motility
Detoxification
DNA transformation
Toxin production and resistance
Central intermediary metabolism 4
DNA metabolism
Replication, recombination, repair
Energy metabolism
Aerobic
Amino acids and amines
ATP proton motive force
Electron transport
Glycolysis/gluconeogenesis
Pentose phosphate pathway
Photosynthesis
Tricarboxylic acid cycle
Protein fates
Degradation of proteins, peptides, and glycopeptides
Protein and peptide secretion
Protein synthesis
Ribosomal proteins
Translation factors
tRNA aminoacylation
Regulatory functions
Transport and binding proteins
Amino acids, peptides, amines
Carbohydrates, alcohols, and organic acids
Unknowns

0.4

—

5.5

18.5
2.1

—

4.2

1.3

5.0

UGN

—_
NN OO R ONNNFEWERERERERERERFEFEWSEOUVMUR DN RFWRE = BN

4.2
3.8

Unknown functions 2 08
Unclassified” 28 118
Conserved hypothetical proteins® 10 42
Hypothetical proteins 84 353
rRNA 44

Total no. of clones 282

“ Calculation of percent representation in the library does not include the 44
rRNA sequences.

® Unclassified proteins have a known function but have not been assigned to a
role category.

¢ Conserved hypothetical proteins have homologs in other organisms, but none
of the homologs have known functions.

threshold of 10 in homology searches (BLASTN and
BLASTX) and thus either are transcripts of novel genes or are
not transcripts.

The Institute for Genomic Research Annotation Engine or-
ganized the August 2003 SIMO sequences into role categories
based on assigned functions of the highest matching gene se-
quences, including central intermediary metabolism (18.5% of
the clones), cellular processes (5.5%), and protein synthesis
(5.0%) (Table 2). Transcripts that appeared to code for trans-
port/binding proteins (3.8%) were potentially involved in
amino acid, carbohydrate, and organic acid and alcohol trans-
port and metabolism (Table 2). The largest fraction of tran-
scripts was categorized as hypothetical (35.3%), and 12% were
“unclassified” (typically of known function but not readily
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placed in a role category during autoannotation). As discussed
above, inferred functional assignments of transcripts are sub-
ject to effects of database coverage and lateral gene transfer.

There are significant methodological obstacles in retrieving
an environmental transcriptome that may result in the unequal
capture of transcripts, including choice of primer, preferential
targeting of transcripts, and bias toward the longest-lived mR-
NAs. In assessing the issue of targeting bias, we found evidence
for selective amplification of some targets by a given primer
pair, such as soxA transcript amplification only when both
OPAI13 and OPA17 primers were used and aphA transcript
amplification only if primer SD14 was used. In assessing the
issue of mRNA lifetime, we examined three gene categories
predicted to have longer half-lives based on studies of E. coli
transcripts: cell envelope genes, energy metabolism genes, and
transport/binding genes (3). The 307-member August 2003
SIMO environmental transcript library was not dominated by
any of these functional categories, although evidence from
organisms such as Bacillus subtilis indicates that there are both
long and short half-life transcripts in almost all gene classes
(7). For the MLMO transcript library, for which the time from
collection to processing was ~2 h, potential biases related to
mRNA half-life could not be evaluated.

Applications of environmental transcriptomics. A promis-
ing application of environmental transcriptomics is the re-
trieval of community-specific functional gene sequences with
relevance for quantitative ecological studies. Functional gene
discovery in natural environments is typically based on primer
sets designed from a limited database that is heavily biased
toward cultured organisms (17). Environmental transcript li-
braries can alleviate this problem by supplying site-specific
functional gene sequences from active cells without the con-
straints of prior sequence information. For example, the eight
putative soxA sequences in the SIMO library were similar to
one another but distinct from those found in cultured bacteria
(Fig. 2). Quantitative PCR analysis of DNA from an August
2004 SIMO bacterioplankton community, using a primer set
designed to target only the SIMO clade sox4 genes, indicated
that they were present at concentrations of ~4.6 X 10° liter *,
or in 1 of every 370 cells (assuming 1.7 X 10° cells ml~* and
one gene copy per cell). Further, sox4 transcripts were re-
trieved from four samples collected within an 11-h period in
August 2004 using RT-quantitative PCR (averaging 2.6 X 10°
transcripts liter '), suggesting that SIMO clade soxA genes are
consistently transcribed within the bacterioplankton commu-
nity. The putative chitinase transcript in the MLMO library
(Table 1), which has low identity to known chitinase sequences
(<27%), is also of significance because chitinase genes cannot
be amplified from the Mono Lake ecosystem using existing chi
primer sets (11). Nevertheless, the abundance of arthropod
exoskeletons in the lake along with previous demonstrations of
chitinase activity (11) suggest that chitin degradation is a major
microbial process in this system. Environmental transcriptom-
ics thus provides gene sequences of biogeochemical interest
(Table 1) without constraints imposed by existing sequence
data and with preference for those genes being actively ex-
pressed.

Environmental transcriptomics also has considerable poten-
tial for generating novel hypotheses about microbial processes.
In the SIMO library, putative acetylpolyamine amidohydrolase
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FIG. 2. Phylogenetic tree of SIMO-specific sox4 sequences and
those from representative cultured organisms constructed using the
neighbor-joining method of the PHYLIP package (4). The tree is
based on the deduced amino acids encoded by the soxA4 transcripts or
genes (positions 8 to 247; Chlorobium tepidum numbering system) and
is unrooted, with soxA from Aquifex aeolicus (AE000757) as the out-
group. Bootstrap values of =50% are indicated at branch nodes. The
scale bar indicates Dayhoff percent accepted mutation (PAM) dis-
tance.

(aphA) transcripts accounted for 11% of the sequences in the
August 2003 SIMO library, represented by at least seven dis-
tinct sequences in four sublibraries. The possible ecological
relevance of these sequences is not immediately apparent be-
cause prokaryotic aphA genes are poorly characterized. How-
ever, they are suspected to encode proteins involved in the
degradation of polyamines (19), a class of nitrogen-rich com-
pounds including putrescine and spermidine that form com-
plexes with DNA and RNA and act as important signaling
compounds for cell growth (20). Evidence in support of a
hypothesis that the aphA transcripts reflect a role for poly-
amines as a nitrogen source for coastal bacterioplankton in-
cludes the facts that polyamines are produced by marine algae,
plants, invertebrates, and microorganisms (8, 13, 16, 20), they
reach concentrations of 30 nM in coastal seawater during algal
blooms (16), and they are readily assimilated by coastal and
open ocean bacterioplankton communities (8). Further, the
genome sequence of marine bacterium S. pomeroyi contains an
aphA homolog located in an apparent operon with a polyamine
transporter (potABCD) (15) and candidate genes for a pu-
trescine degradation pathway (putrescine transaminase and
aminobutyraldehyde dehydrogenase). The aphA transcripts
may be a response to unusual conditions caused by sample
processing (e.g., a spike in polyamine concentrations due to
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eukaryotic cell breakage during filtration), but nonetheless in-
dicate an ability of bacteria to respond rapidly to the availabil-
ity of these nitrogen-rich compounds in seawater. While poly-
amine assimilation by marine bacteria has been considered in
the past (8), the SIMO transcript library forms the foundation
of a hypothesis that these compounds are a more important
source of dissolved organic nitrogen for coastal bacterioplank-
ton than is currently suspected.

Our environmental transcriptomics protocol was used suc-
cessfully to survey two very different types of aquatic commu-
nities for microbial gene expression, without the constraints of
targeting specific organisms, phylogenetic groups, or metabolic
pathways. While the libraries analyzed here were small, this
approach can be readily adapted for high-throughput process-
ing and automated annotation and can be coupled to environ-
mental genomics methods to assess genetic potential and pat-
terns of activity in natural microbial assemblages.

Nucleotide sequence accession numbers. Newly determined
sequences were deposited in GenBank under the accession
numbers AY793704 to AY794012.
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